Reports that nitric oxide synthase (NOS) inhibition prevents the induction of long-term potentiation (LTP) have been controversial. Recent evidence suggests that NO may help to regulate the threshold for LTP induction. We have tested this hypothesis by examining the effects of stimulus frequency and train duration on synaptic plasticity in the presence of either NO donors or NOS inhibitors. Two different NO donors facilitated LTP induction by stimuli that normally produced only short-term potentiation, whereas NOS inhibitors blocked LTP to stimuli that normally produce small LTP. NO donors facilitated LTP induction even when NMDA receptors were blocked, indicating that NO need not act via NMDA receptors. NO donors and NOS inhibitors were without effect on long-term depression (LTD), suggesting that they act on a distinct potentiating mechanism. Thus, NO could contribute to the establishment of plasticity under physiologically relevant conditions by selectively increasing the probability of LTP induction.
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Since nitric oxide (NO) was first described as a membranesoluble neuronal messenger, its role in neuronal plasticity has been disputed. Initial reports (Böhme et al., 1991; O'Dell et al., 1991; Schuman and Madison, 1991; Haley et al., 1992) indicated that inhibitors of nitric oxide synthase (NOS) completely blocked the induction of long-term potentiation (LTP) in the CA1 cell field of hippocampal slices. This finding helped kindle controversy about whether LTP expression results from a presynaptic mechanism despite the fact that early stages of induction are postsynaptic (Bliss et al., 1990) . Perhaps more importantly, it provided a list of possible LTP expression mechanisms based on known biological targets for NO, including the enzymes guanylyl cyclase Zhou et al., 1994) and ADP-ribosyltransferase (Schuman et al., 1994) , as well as other important proteins, including NMDA receptors (Lei et al., 1992; Manzoni et al., 1992) . Moreover, the discovery of a key link in a mechanism of use-dependent plasticity offered another tool for exploring the relationship between LTP and learning Böhme et al., 1993) .
Subsequent investigations, however, have suggested that the role of NO in hippocampal LTP is limited (Gribkoff and LumRagan, 1992; Chetkovich et al., 1993; Haley et al., 1993; Williams et al., 1993; Bannerman et al., 1994a-c) or nonexistent (Musleh et al., 1993; Cummings et al., 1994) . In vitro recordings in CA1 at 30 -32ЊC with standard tetanic stimulation indicated that LTP induction was unaffected even by high concentrations of NOS inhibitors. Williams et al. (1993) described a number of experimental factors (e.g., the temperature at which slice experiments were conducted and the age of the animals) that were not held constant across laboratories and argued that these could explain the apparent discrepancy in the reported effects of NOS inhibitors.
One factor that influences the effectiveness of NOS inhibitors in blocking LTP induction is the strength (i.e., intensity, frequency, or duration) of tetanic stimulation. Several groups have noted that LTP induced by weak tetanic stimulation is blocked by NOS inhibitors, whereas stronger tetanic stimulation leads to NOindependent potentiation (Chetkovich et al., 1993; Haley et al., 1993; O'Dell et al., 1994) . The generation of NO, therefore, could be critical for LTP induction under the more physiologically relevant conditions in which a small number of synapses are activated briefly at moderately high frequency.
Although it is possible that NO affects plasticity by facilitating a potentiation mechanism (Zhuo et al., 1993 (Zhuo et al., , 1994 , it is also possible that it contributes to LTP induction by inhibiting long-term depression (LTD). Several investigators (Dudek and Bear, 1993; Mulkey et al., 1993; Mayford et al., 1995) have suggested that LTP and LTD represent opponent processes of phosphorylation and dephosphorylation, respectively. If so, failure to induce LTP with moderate tetanic stimuli [e.g., 25 pulses delivered at 10 or 50 Hz in control normal artificial cerebrospinal fluid (ACSF)] might reveal a balance point at which the opponent mechanisms of LTP and LTD are in a state of equilibrium (Bear et al., 1987; Artola et al., 1990) . If NO (or any other molecule) blocked LTD selectively, the net effect would be to lower the threshold for LTP induction by removing the opponent process. Two observations support a role for NO in this type of process. First, NO can reduce the activity of NMDA receptors (Manzoni et al., 1992; Lei et al., 1992) that are required for the induction of LTD. Second, Izumi and Zorumski (1993) have reported that NOS inhibitors can block the induction of LTD in hippocampal slices.
To test these hypotheses, we have examined the effects of NO donors and NOS inhibitors in the CA1 region of hippocampal slices across a range of stimuli designed to evoke LTP, LTD, or neither. Neither donors nor inhibitors affected homosynaptic LTD induced by prolonged low-frequency stimulation (LFS) at 1-3 Hz. On the other hand, 25-pulse trains of high-frequency stimulation (HFS) at 10 -50 Hz produced only short-term potentiation in ACSF but produced LTP in the presence of the NO donors, even in slices in which NMDA receptors were blocked. NOS inhibitors also blocked LTP induced by 900 pulses delivered at 30 Hz, a protocol that produces small but significant potentiation in control slices. The results therefore favor a model in which NO adjusts the threshold for the induction of synaptic plasticity by selectively facilitating the induction of LTP.
MATERIALS AND METHODS
Slice preparation. All experiments were conducted in hippocampal slices prepared from 14-to 140-d-old male or female Sprague Dawley rats. Rats were anesthetized by intraperitoneal injection of sodium pentobarbital In the presence of 200 M H 2 NOH ( filled symbols), both 10 and 50 Hz HFS produced potentiation that was still significant after 60 min. H 2 NOH was washed in 20 min before tetanus, and washed out 5 min after tetanus (horizontal line in A). A 25-pulse stimulus at 50 Hz was delivered to nine additional slices in control ACSF (B). As in A, responses returned to baseline after 60 min. H 2 NOH was washed onto these same slices for 20 min (horizontal line in B), followed by repetition of the 50 Hz HFS, which this time produced significant enhancement of the field EPSP slope, which lasted at least 60 min after the tetanus. Error bars in all figures represent SEM.
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Figure 2. The specific NO donor SNOC facilitates LTP induction. The application of 100 M SNOC has an effect identical to that of H 2 NOH. The 25 pulses delivered at 50 Hz produced significant potentiation in the presence of SNOC prepared freshly and stored on ice. SNOC that had been allowed to degrade to cystine by leaving the SNOC stock solution overnight at room temperature had a less pronounced effect on tetanus, producing an enhancement that was not significantly greater than control 50 Hz HFS 60 min after tetanus.
(75 mg/kg) and decapitated with a small animal guillotine. Their brains were removed rapidly to chilled (0 -4ЊC) ACSF containing (in mM): 125 NaCl, 2 KCl, 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 10 D-glucose, 10 MgSO 4 , and 0.5 CaCl 2 ). Each hippocampus was dissected out and sectioned at 450 m on a Vibratome (TPI, St. Louis, MO). After sectioning, slices were transferred to room temperature ACSF (of the same composition as the dissecting medium with 1.5 mM Mg 2ϩ and 2.5 mM Ca 2ϩ ), where they were left to recover for at least 1 hr before they were transferred to a submersion-type recording chamber. Experiments were performed at a constant temperature of 32 Ϯ 0.2ЊC with a flow rate for the ACSF of 1-2 ml/min.
Recording arrangement. Insulated stainless steel recording electrodes (Frederick Hare, Brunswick, ME) were placed in stratum radiatum of CA1, and monopolar insulated stainless steel stimulating electrodes were placed in stratum radiatum at the CA2-CA1 border. Constant current stimuli were delivered once every 15 sec, and responses were amplified (1000ϫ), digitized (5-10 kHz), and analyzed on-line by custom-written software, using LabVIEW (National Instruments, Austin, TX). Analyses included measurement of the initial slope of the negative component of the field EPSP (fEPSP), as well as the maximum response amplitude. Baseline stimulus intensity was adjusted to elicit a fEPSP with slope 25-30% of the maximum evoked response, with no evidence of a population spike.
Experimental protocols. Baseline stimulation proceeded for at least 10 min before either tetanus or bath application of NO donors. For experiments in which tetanus was delivered in the presence of NO donors, the donors were added to the bathing medium after the establishment of a stable baseline. Donor application had no effect on baseline responses. Tetanic stimulation was delivered 20 min after donor wash-in, and the donors were washed out 5 min after tetanus. NOS inhibitors were added to the bathing medium as soon as each slice was transferred, and slices were incubated for at least 30 min before tetanic stimulation. Tetanic stimulation consisting of 25 pulses delivered at 50 Hz was delivered to slices bathed in 100 M DL-AP5. Ten minutes after tetanus, AP5 plus either 100 M SNOC (A) or SNOC depleted of NO by maintaining at room temperature for at least 24 hr (B) was washed in. Twenty minutes later (30 min after the first tetanus), slices were tetanized again. SNOC was washed out 5 min after the second tetanus. Significant potentiation was recorded only in the presence of SNOC.
Each slice was given one of several different tetanus protocols, encompassing five stimulus frequencies. LFS consisted of 100, 600, or 900 pulses delivered at 1 or 3 Hz. HFS consisted of 25 pulses delivered at either 10 or 50 Hz, 900 pulses delivered at 10 or 30 Hz, or theta burst stimulation, consisting of four-pulse bursts of 100 Hz stimulation, separated by 200 msec (see Fig. 6 for summary). After either LFS or HFS, baseline stimulation was resumed for 30 -60 min. LTP or LTD was defined as statistically significant increases or decreases (determined by t test) in the fEPSP slope 55-60 min post-tetanus, as compared with the pretetanus baseline.
Drug preparation. NOS inhibitors (Sigma, St. Louis, MO) were prepared from stock solutions (100 mM); L-NAME was dissolved in dH 2 O, and NOArg was dissolved in 100 mM HCl. Stock solutions were made freshly every 2-3 d. Hydroxylamine (H 2 NOH) (Sigma) was dissolved in dH 2 O and was protected from exposure to light until used. Fresh SNOC was prepared daily as described (Lei et al., 1992 ) from L-cysteine, sodium nitrite, and hydrochloric acid. SNOC was prepared on ice and stored in a refrigerator for no more than 3 hr as a concentrated (100 mM) stock solution. SNOC was diluted to 100 M in ACSF immediately before superfusion of the slices. When freshly prepared, SNOC is a clear red solution, which fades to clear colorless as NO dissipates spontaneously, leaving a solution containing only the disulphide cystine. For control experiments described below, SNOC was left at room temperature for 24 hr until all color had left the solution. The HCl used in the preparation of NOArg and SNOC had no effect on the pH of the ACSF when diluted to final concentration (1000-fold dilution).
RESULTS

Effects of NO donors on HFS-induced plasticity
A train of 25 pulses delivered at either 10 or 50 Hz did not produce LTP in the absence of NO donors (Fig. 1) . Sixty minutes after tetanus, the fEPSP slope was not significantly different from control for either 10 Hz stimulation (103 Ϯ 6%, n ϭ 5, n.s.) or 50 Hz stimulation (105 Ϯ 3%, n ϭ 23, n.s.). When the NO donor hydroxylamine (H 2 NOH) was added to the ACSF (at 200 M) 20 min before tetanus, however, both HFS protocols produced increases in fEPSP slope, which lasted at least 60 min (120 Ϯ 5%, n ϭ 8, p Ͻ 0.05 for 10 Hz; 123 Ϯ 7%, n ϭ 9, p Ͻ 0.02 for 50 Hz). Although these differences were reliable between slices, we also examined the effects of 200 M H 2 NOH within slices (Fig. 1 B) . An HFS train consisting of 25 pulses at 50 Hz was delivered 10 min after a stable baseline was established in normal ACSF. Sixty minutes later, H 2 NOH was washed in for 20 min, followed by a repetition of the HFS. HFS did not produce LTP in the control medium (99 Ϯ 2%, n ϭ 9, n.s.) but did when the same tetanus was given to the same slices in the presence of H 2 NOH (112 Ϯ 3%, n ϭ 9, p Ͻ 0.0001). were given stimuli designed to produce either large LTD (600 pulses delivered at 3 Hz, A) or minimal LTD (100 pulses at 1 Hz, B). The addition of H 2 NOH to the bath had no effect on the plasticity induced by these stimuli. One potential source of artifact when NO donors are used is that NO itself is not causing the effect but the moieties that remain after NO has been released. We therefore replicated our H 2 NOH findings by delivering HFS in the presence of 100 M S-nitrosocysteine (SNOC), which degrades spontaneously to NO and the relatively nonreactive disulphide cystine (Ignarro, 1990; Lei et al., 1992) . The subthreshold tetanus of 25 pulses delivered at 50 Hz produced a significant increase in the fEPSP slope when delivered in the presence of 100 M SNOC, as compared with 50 Hz HFS in control medium (117 Ϯ 4%, n ϭ 15, p Ͻ 0.05; Fig. 2 ). To provide further support that the source of the enhancement was NO, we administered subthreshold HFS in the presence of SNOC that had been left at room temperature for at least 24 hr and had changed from a clear red solution to a clear colorless one, indicating that the SNOC has degraded to cystine alone (Lei et al., 1992) . In the presence of this degraded SNOC solution, the 50 Hz HFS did not produce a potentiation that was significantly different from the potentiation produced by control 50 Hz HFS (109 Ϯ 3%, n ϭ 7 n.s.), although the enhancements that followed SNOC and degraded SNOC were not significantly different from each other.
NO could facilitate LTP induction by several methods, including enhancing the sensitivity or activity of enzymes (e.g., guanylyl cyclase or ADP ribosyltransferase) or directly modulating NMDA receptors. To test the latter possibility, we first delivered highfrequency stimulation in the presence of 100 M DL-AP5 (Fig.  3A) . As expected (Collingridge et al., 1983) , tetanus delivered in the presence of AP5 did not result in potentiation at 30 min (100 Ϯ 3%, n ϭ 7, n.s.). Ten minutes after tetanus, 100 M SNOC was washed in, followed 20 min later by a second 25-pulse 50 Hz tetanus (Fig. 3A) , which this time did produce significant potentiation at 30 min (113 Ϯ 8%, n ϭ 7, p Ͻ 0.05). When this protocol was repeated with SNOC that had been left at room temperature for at least 24 hr, the depleted SNOC proved unable to facilitate potentiation ( Fig. 3B ; 103 Ϯ 5%, n ϭ 4, n.s.).
Effects of NO donors on plasticity induced by low-frequency stimulation
We delivered LFS (600 pulses at 3 Hz) to hippocampal slices taken from young rats (14 -35 d old) in the presence or absence of 200 M H 2 NOH (Fig. 4 A) to test the hypothesis that NO's apparent facilitation of LTP might result from its blocking LTD. The fEPSP slope was depressed 30 min after tetanus in both control (76 Ϯ 5%, n ϭ 6, p Ͻ 0.01) and H 2 NOH (81 Ϯ 4%, n ϭ 6, p Ͻ 0.01)-treated slices. Although the rather strongly depressing 3 Hz, 600 pulse tetanus revealed no effect of H 2 NOH, the effects of NO donors on LTD might be similar to their effects on LTP, i.e., only be detectable around the LTD induction threshold. We therefore delivered a weaker LFS of 100 pulses at 1 Hz to another group of slices taken from young animals in the presence or absence of 200 M H 2 NOH (Fig. 4 B) . Once again, we saw no effect of the donor on LTD (control, 94 Ϯ 5%, n ϭ 3; H 2 NOH, 94 Ϯ 3%, n ϭ 5).
Effects of NOS inhibitors on LFS-and HFS-induced plasticity
If the effect of NO on the plasticity threshold is selective for LTP, inhibitors of NO synthesis should block LTP without affecting LTD. We used 900-pulse stimulus trains delivered at three different frequencies (1, 10, and 30 Hz) in normal ACSF or in the presence of NOS inhibitors (1 mM L-NAME or 100 M NOArg). NOS inhibitors were without effect at 1 Hz, where both control and L-NAME-treated slices demonstrated LTD (L-NAME, 84 Ϯ Figure 6 . The effects of NO donors and NOS inhibitors are on potentiation, but not depression. A, NOS inhibitors have no effect on plasticity induced by 900 pulses at either 1 Hz (which produces large LTD both in control ACSF and in 100 M L-NAME) or 10 Hz (which produces no significant change in either control or inhibited slices). In contrast, the effect of 100 M NOArg is pronounced and significant on the potentiation normally produced by 900 pulses at 30 Hz in control ACSF. The data for 100 Hz stimulation (asterisk) are taken from Haley et al. (1993) to demonstrate that, at higher frequency, LTP can be independent of NO. B, The effects of NO donors are complementary to those of NOS inhibitors; donors have no effect on stimuli that normally produce LTD but facilitate LTP induction to stimuli that are subthreshold in control ACSF. NO donors do not produce further facilitation when normally suprathreshold tetani (e.g., theta bursts) are delivered. 3%, n ϭ 7; control, 78 Ϯ 4%, n ϭ 6), and at 10 Hz, where neither control nor NOArg-treated slices showed any significant change from pretetanus (see Fig. 6 A) . Consistent with previous results (Chetkovich et al., 1993; Haley et al., 1993; O'Dell et al., 1994) , 900 pulses at 30 Hz, which induced LTP in control slices (123 Ϯ 5%, n ϭ 6), did not produce significant changes in fEPSP slope in the presence of NOArg (103 Ϯ 6%, n ϭ 6; Fig. 5) . Figure 6 summarizes the effects of both NO donors and NOS inhibitors on stimuli, which in control ACSF induces LTD (1, 3 Hz), LTP (30 Hz, 900 pulses; 100 Hz, 50 pulses), or no change (25 pulses delivered at either 10 or 50 Hz). The results demonstrate no effects on LTD and a consistent effect on LTP near the induction threshold; NO donors facilitate LTP induction, and NOS inhibitors prevent it.
DISCUSSION
The administration of NO donors to hippocampal slices facilitates the induction of LTP. Tetanic stimulation sufficient to produce only short-term potentiation in normal ACSF produced LTP in the presence of compounds that donate NO. Consistent with previous findings (Chetkovich et al., 1993; Haley et al., 1993; O'Dell et al., 1994) , some tetanic stimuli that did produce LTP in normal ACSF could produce only short-term potentiation in the presence of NOS inhibitors. In contrast, neither NO donors nor NOS inhibitors had any detectable effect on homosynaptic LTD.
Although NO-facilitated LTP induction is activity-dependent, it is apparently not NMDA receptor-dependent (see also Zhou et al., 1993) . Mild tetanic stimulation, which produced only shortterm potentiation in control ACSF and no potentiation in DL-AP5, was sufficient to induce LTP in slices treated with AP5 plus SNOC. If NO modulates potentiation solely by affecting the NMDA receptor (Izumi et al., 1992; Lei et al., 1992; Manzoni et al., 1992) , then blocking NMDA receptors should prevent NOfacilitated potentiation. Because it does not, we must assume that NO-facilitated LTP is NMDA receptor-independent. This does not, however, rule out the possibility that NO modulation of NMDA receptors could contribute to normal tetanus-induced plasticity.
The failure of AP5 to block NO-facilitated LTP indicates that NO-facilitated LTP is most likely independent of postsynaptic calcium influx as well; the mild tetanic stimulation that produces LTP in the presence of SNOC and AP5 is unlikely to activate significant voltage-dependent calcium currents postsynaptically. Three possible alternatives that could explain the facilitatory effect of NO on LTP induction are that (1) NO interacts with calcium released from intracellular stores in the postsynaptic neuron [e.g., by activation of postsynaptic metabotropic glutamate receptors or the cyclic ADP-ribose signaling pathway (Willmott et al., 1996) ], (2) NO itself can initiate increases in postsynaptic calcium concentration by stimulating release from intracellular stores, or (3) exogenous NO is acting presynaptically in an activity-dependent manner. The third possibility suggests that NO could, indeed, act as a retrograde messenger, normally requiring postsynaptic activation only to generate activation of the Ca 2ϩ / calmodulin-dependent NOS.
Our data indicate that it is possible to facilitate LTP selectively, without affecting LTD. Recent evidence suggests that LTD and LTP may be complementary phenomena with a final common element in which phosphorylation of some substrate(s) by activitydependent protein kinase(s) produces LTP, whereas LTD produces effects that are the opposite of LTP by activity-dependent phosphatase-mediated dephosphorylation of the same substrates (Bear and Malenka, 1994; Mayford et al., 1995) . If this were true, it would not be possible to facilitate LTP without affecting LTD. If NO enhanced the sensitivity of a kinase to postsynaptic activity (e.g., by enhancing its calcium sensitivity), then stimuli that normally produce weak LTD would produce LTP, because the ratio of activated kinase to activated phosphatase would increase. The same would be true if the ability of the kinase to phosphorylate its substrate(s) were enhanced. Even if NO directly modified the substrate(s), there would have to be an effect of LTD if the same substrate were responsible for both potentiation and depression. Artola, Bröcher, and Singer (1990) have suggested that there are distinct thresholds for the induction of LTD and LTP in the rat visual cortex. Although LTD was associated with small postsynaptic depolarization from rest and LTP was associated with large depolarization, there was a relatively broad range of postsynaptic potentials between the thresholds, which produced little or no lasting change in synaptic efficacy. Our data are consistent with these observations and suggest that the role of endogenous NO is in narrowing the range of stimulus conditions that produce no plasticity by selectively shifting the LTP induction threshold to the left. Thus, in slices stimulated in control ACSF, prolonged stimulation at 3 Hz produces LTD, and HFS of 25 pulses delivered at either 10 or 50 Hz produces no lasting change (Fig. 6 ). In contrast, in the presence of NO donors, 600 pulses delivered at 3 Hz still produce depression, but increasing the frequency to 10 Hz and delivering only 25 pulses produce LTP. In the presence of NOS inhibitors, stimuli that normally produce modest LTP [e.g., 900 pulses at 30 Hz (Fig. 6) or 25 pulses at 100 Hz (Haley et al., 1993) ] are without effect, thus extending the range of activities that fall between the LTD and LTP induction thresholds.
Although other explanations exist, it is most likely that the results described here are attributable to effects of NO. First, there is agreement between the effects of NOS inhibitors and NO donors, with the former making LTP induction more difficult and the latter making it more likely. It is improbable that this specific pattern of results would have occurred had both the donor effect and the inhibitor effect been artifactual. Second, our use of two donors with different NO release mechanisms and different non-NO moieties reduces the risk that the facilitation of LTP was attributable to a molecule other than NO. In particular, SNOC, which releases only NO and cystine, entirely duplicated the effects of H 2 NOH on LTP induction threshold, whereas spent SNOC, containing only cystine, was without effect.
Controversy over the role of NO in activity-dependent plasticity is unlikely to abate in the near future. The present studies suggest that, although LTP can be induced in the CA1 region of hippocampus in the absence of NOS activity, NO can contribute to the induction of enhanced synaptic responses. Moreover, the conditions under which NO donors facilitate (and NOS inhibitors prevent) LTP induction are likely to be relevant to endogenously generated synaptic plasticity.
